Lin YS, Hsu CC, Bien MY, Hsu HC, Weng HT, Kou YR. Activations of TRPA1 and P2X receptors are important in ROS-mediated stimulation of capsaicin-sensitive lung vagal afferents by cigarette smoke in rats. J Appl Physiol 108: 1293-1303, 2010. First published February 18, 2010 doi:10.1152/japplphysiol.01048.2009.-Capsaicin-sensitive lung vagal afferents (CSLVAs) are important in detecting pulmonary reactive oxygen species (ROS). We investigated the mechanisms underlying the stimulation of CSLVAs by inhaled cigarette smoke (CS) in 216 anesthetized rats. In spontaneously breathing rats, CS evoked a CSLVA-mediated reflex bradypnea that was prevented by N-acetyl-L-cysteine (NAC; an antioxidant), HC-030031 [a transient receptor potential ankyrin 1 (TRPA1) receptor antagonist], and isopyridoxalphosphate-6-azophenyl-2=,5=-disulfonate (iso-PPADS; a P2X receptor antagonist). In paralyzed, artificially ventilated rats, CS evoked an increase in CSLVA fiber activity (⌬FA) that was abolished by NAC and was attenuated by HC-030031, iso-PPADS, indomethacin (Indo; a cyclooxygenase inhibitor), and a combination of apyrase and adenosine deaminase (ADA) (ATP scavengers); the response to CS was reduced to 11.7 Ϯ 4.0%, 39.5 Ϯ 10.0%, 52.9 Ϯ 14.4%, 68.7 Ϯ 10.1%, and 47.2 Ϯ 12.9% of control, respectively. The suppressive effect on this afferent response was not improved by a combination of HC-030031 and Indo (⌬FA ϭ 39.5 Ϯ 10.1% of control) compared with that induced by HC-030031 alone. In contrast, the suppressive effect was enhanced by a combination of HC-030031 and apyraseϩADA (⌬FA ϭ 5.3 Ϯ 4.9% of control) or a combination of iso-PPADS and Indo (⌬FA ϭ 23.3 Ϯ 7.7% of control) compared with that induced by HC-030031 alone or iso-PPADS alone. This afferent response was not altered by the vehicles for these drugs. These results suggest that activations of TRPA1 receptors by cyclooxygenase metabolites and P2X receptors by ATP are both necessary for the ROS-mediated stimulation of CSLVA fibers by CS in rats. lung vagal C fibers; reactive oxygen species AIRWAY EXPOSURE to cigarette smoke (CS) evokes sensory irritation and a cough reflex in human and animals (10, 25, 31). Capsaicin-sensitive lung vagal afferents (CSLVAs), mainly C fibers and some A␦ fibers, are nociceptive-like free nerve endings and are thought to serve as cough sensors in the airways (18, 26, 49) . Indeed, these lung afferent fibers are stimulated by inhaled CS in dogs (19, 27) and rats (15). In dogs, the stimulation of CSLVAs by inhaled CS is mediated through the action of nicotine on nicotinic acetylcholine receptors located at their nerve terminals (19, 27) . In rats, inhaled CS evokes a bradypnea followed by rapid shallow breathing (28). The initial bradypneic response is a reflex triggered by the stimulation of CSLVAs and is independent of the nicotine content in the smoke or the function of the nicotinic acetylcholine receptors, whereas the delayed rapid shallow breathing is caused by nonvagal mechanisms via the action of absorbed nicotine (28). Importantly, the CS-evoked bradypneic response depends on the action of hydroxyl radicals, a major type of reactive oxygen species (ROS) (28). The finding is important because CS contains high concentrations of free radicals and radical precursors (37) and because CSLVAs play an important role in the sensory transduction of pulmonary ROS (39, 40, 44) . Nevertheless, the mechanisms by which ROS participate in the stimulation of CSLVA fibers by inhaled CS are still elusive.
tors located at their nerve terminals (19, 27) . In rats, inhaled CS evokes a bradypnea followed by rapid shallow breathing (28) . The initial bradypneic response is a reflex triggered by the stimulation of CSLVAs and is independent of the nicotine content in the smoke or the function of the nicotinic acetylcholine receptors, whereas the delayed rapid shallow breathing is caused by nonvagal mechanisms via the action of absorbed nicotine (28) . Importantly, the CS-evoked bradypneic response depends on the action of hydroxyl radicals, a major type of reactive oxygen species (ROS) (28) . The finding is important because CS contains high concentrations of free radicals and radical precursors (37) and because CSLVAs play an important role in the sensory transduction of pulmonary ROS (39, 40, 44) . Nevertheless, the mechanisms by which ROS participate in the stimulation of CSLVA fibers by inhaled CS are still elusive.
At CSLVA terminals, certain types of pharmacological receptors, such as transient receptor potential ankyrin 1 (TRPA1; a nonselective cation channel) receptors (5, 6, 34, 35, 45, 46) and ionotropic P2X receptors (39, 40, 44) , may participate in the sensory transduction of ROS in the lungs. Indeed, direct challenge of H 2 O 2 increases TRPA1-mediated Ca 2ϩ influx in mouse capsaicin-sensitive sensory neurons (6, 41) . Some arachidonic acid metabolites, including 4-oxononenal (45) and prostaglandins (46) that may be generated under oxidative stress, can also activate TRPA1 receptors, resulting in stimulation of CSLVA fibers or excitation of nociceptive neurons in mice. On the other hand, direct airway challenge by H 2 O 2 stimulates CSLVA fibers partly via the action of ATP on P2X receptors in rats (39, 40) . Additionally, ROS may damage cells and cause a rapid release of cytosolic ATP, which activates P2X receptors, resulting in the stimulation of nociceptive neurons in rats (11) . It remains unknown, however, whether activations of TRPA1 and P2X receptors by arachidonic acid metabolites and ATP play a role in ROS-mediated stimulation of CSLVA fibers by inhaled CS.
The present study was undertaken to determine the roles of ROS, TRPA1 receptors, and P2X receptors in CSLVA-mediated cardiorespiratory reflexes evoked by inhaled CS in anesthetized, spontaneously breathing rats; second, to investigate the importance of ROS, TRPA1 receptors, and P2X receptors in the responses of CSLVA fibers to inhaled CS with a single-fiber recording technique in anesthetized, artificially ventilated rats; and third, to determine whether cyclooxygenase metabolites and ATP may act on TRPA1 and P2X receptors, respectively,, leading to CS-evoked CSLVA fiber stimulation. We hypothesized that activations of TRPA1 receptors by cyclooxygenase metabolites and P2X receptors by ATP are important in the ROS-mediated stimulation of CSLVA fibers.
MATERIALS AND METHODS
Animal preparations. The procedures described below were in accordance with the recommendations found in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of Taipei Medical University. Male Sprague-Dawley rats were anesthetized with an intraperitoneal injection of chloralose (100 mg/kg; Sigma Chemical, St. Louis, MO) and urethane (500 mg/kg; Sigma) dissolved in a borax solution (2%; Sigma). A polyethylene catheter was inserted into the jugular vein and advanced until the tip was close to the right atrium for a bolus injection of pharmacological agents. The right femoral artery and vein were cannulated to allow measurement of arterial blood pressure and for administration of drugs, respectively. During the course of the experiments, supplemental doses of chloralose (20 mg·kg Ϫ1 ·h Ϫ1 ) and urethane (100 mg·kg Ϫ1 ·h Ϫ1 ) were administered to maintain the abolition of the corneal reflex and the pain reflex induced by pinching the animal's tail. Body temperature was maintained at ϳ37°C throughout the experiment by means of a servo-controlled heating blanket.
The animal's neck was opened along the midline, and both cervical vagus nerves were carefully isolated from their connective tissues for later sectioning or nerve recording. A short tracheal cannula was inserted just below the larynx via a tracheostomy. For the reflex studies, rats breathed spontaneously via the tracheal cannula, which was connected to a two-way valve (Hans Rudolph 2300, Kansas City, MO). Inspiratory flow was measured with a pneumotachograph coupled to a differential pressure transducer (Validyne MP45-12, Northridge, CA). The flow signal was integrated to give the tidal volume. For studies of CSLVA fibers rats received a midline thoracotomy, and both vagus nerves were ligated just above the diaphragm in order to eliminate afferent signals arising from the lower visceral organs. The lungs were then ventilated with a rodent respirator (Harvard 683, South Natick, MA) at a constant volume of 2.5 ml and a positive end-expiratory pressure of 3 cmH 2O. The frequency of the respirator was set at 45-50 breaths/min and was kept constant in each experiment. The tracheal pressure (P tr) was monitored with a pressure transducer (Validyne MP45-28) via a side tap to the tracheal cannula. All physiological signals were recorded on a chart recorder (Gould TA11, Cleveland, OH) and a tape recorder (Neurocorder DR-890, New York, NY) for later analysis.
Recording of CSLVA fiber activity. Neural activities arising from CSLVA fibers were recorded with techniques described elsewhere (14, 21, 32) . Briefly, a fine afferent filament of the right vagus nerve was split and placed on a platinum-iridium unipolar recording electrode to record afferent nerve activity. The thin filament was further split until the afferent activity arising from a single unit was electrically isolated. Once the presence of a suspected single unit was detected, capsaicin (1 g/kg; Sigma) was injected as a bolus into the right atrium. Only afferent fibers that showed stimulation within 2 s after the injection were studied. The conduction velocities of the majority of the CSLVA fibers studied were measured by a previously described method (15) . Before the end of each experiment, the general locations of all fibers were identified by their responses to gentle pressing of the lungs with a saline-wetted cotton Q-tip.
Smoke generation and delivery. A lighted cigarette (Marlboro, Philip Morris; 0.8 mg of nicotine and 10.0 mg of tar in each cigarette) without filters was connected to a 50-ml syringe, which was mounted on a syringe pump (Sage 367, Cambridge, MA). The smoke (20 ml) was then drawn into the syringe at a constant flow rate of 3 ml/s and was defined as 100% smoke. The 100% smoke was mixed with the same amount of air in the syringe to generate 50% smoke. Before each test of smoke inhalation, the lungs were hyperinflated (P tr Ͼ 20 cmH 2O) to establish a constant-volume history. After the baseline breathing pattern reached a steady state, 6 ml of CS at a temperature of ϳ25°C was spontaneously inhaled into the airways or was delivered by the respirator within three breaths with a circuit similar to that described previously (27) .
Experimental treatments of vagus nerves. The technique of perivagal capsaicin treatment was adopted from those reported previously (24) and was employed to selectively block the conduction of CSLVAs (4, 39) . In brief, a segment (ϳ3 mm) of each cervical vagus nerve was wrapped in a cotton strip presoaked in a capsaicin solution (0.25 mg/ml). After 15-20 min, when the reflex responses to an intravenous injection of capsaicin (1 g/kg) had been abolished and the apneic reflex response to lung inflation (20 cmH 2O) was unaffected, the cotton strips were removed. The blocking effect of perivagal capsaicin treatment on the reflex responses to capsaicin injection was shown to last for 80 -120 min (20) . A similar procedure was performed to conduct sham treatment of the vagus nerves, except the cotton strip was presoaked in the vehicle of the capsaicin solution. When a vagotomy was performed, both vagus nerves were sectioned at the cervical level.
Pharmacological agents. Table 1 summarizes the full names, abbreviations, functions, doses, routes of administration, and vehicles of the pharmacological agents used in this study. Solutions of these pharmacological agents at the desired concentrations were prepared daily by dilution with saline on the basis of the animal's body weight. Except for HC-030031 (Tocris Cookson, Ellisville, MO), iso-PPADS (Tocris), and polygodial (Biomol, Plymouth Meeting, PA), all other drugs were purchased from Sigma. The antioxidant and all receptor antagonists (ϳ0.4 ml) were slowly injected into the vein over a 20-s duration. The receptor agonists (0.1 ml) were injected into the vein as a bolus. The doses and treatment times with effectiveness for these drugs were adopted from previous studies (1, 12, 13, 16, 17, 33, 36, 40, 43) or determined in our preliminary study. The adequacy of doses and selectivity of effects of TRPA1 and P2X receptor antagonists were evaluated by results that the selected doses of these drugs could totally block the responses to their specific receptor agonists but could not affect the responses to capsaicin [a transient receptor potential vanilloid 1 (TRPV1) receptor agonist].
Experimental design and protocols. In this study, 216 rats (weighing 330 -440 g) were divided into 31 groups to conduct 9 series of experiments. Table 2 shows various vagus nerve treatments or pharmacological pretreatments in the study groups tested. In study series 1 (group 1), the ventilatory responses to air and 100% smoke before a vagotomy and to 100% smoke after a vagotomy were investigated to assess the reflex nature of the airway responses. In study series 2 (groups 2 and 3), the ventilatory responses to 100% smoke were investigated before and after perivagal capsaicin treatment or sham treatment to assess the role of CSLVAs in evoking the airway responses. In study series 3 (groups 4 -8) , the ventilatory responses to 100% smoke were investigated before and after pretreatment with N-acetyl-L-cysteine (NAC), HC-030031, iso-PPADS, and their vehicles to assess the roles of ROS, TRPA1 receptors, and P2X receptors in evoking airway responses. In study series 4 (group 9), the responses of CSLVA fibers to air, 50% smoke, and 100% smoke were investigated to assess the concentration-response relationship. The sequence of challenges of air and smoke was performed on a counterbalanced basis. In study series 5 (groups 10 -15) , the responses of CSLVA fibers to 100% smoke were investigated before and after pretreatment with NAC, HC-030031, iso-PPADS, HC-030031 ϩ iso-PPADS, and their vehicles to assess the roles of ROS, TRPA1 receptors, and P2X receptors in evoking afferent responses. In study series 6 (groups 16 -19) , the responses of CSLVA fibers to 100% smoke were investigated before and after pretreatment with indomethacin (Indo), apyrase ϩ adenosine deaminase (ADA), Indo ϩ apyrase ϩ ADA, and their vehicle to assess the roles of cyclooxygenase metabolites and ATP in evoking afferent responses. In study series 7 (groups 20 -23), the responses of CSLVA fibers to 100% smoke were investigated before and after pretreatment with HC-030031 ϩ Indo, HC-030031 ϩ apyrase ϩ ADA, iso-PPADS ϩ Indo, and their vehicle to assess the functional links of cyclooxygenase metabolites and ATP with TRPA1 and P2X receptors. In study series 8 (groups 24 and 25), the responses of CSLVA fibers to an intravenous injection of polygodial and ␣,␤-methylene-ATP (␣,␤-meATP) were investigated before and after pretreatment with HC-030031 and iso-PPADS, respectively, to check the effectiveness of the receptor blockade by antagonists. In study series 9 (groups 26 -31) , the responses of CSLVA fibers to an intravenous injection of capsaicin were investigated before and after pretreatment with NAC, HC-030031 ϩ iso-PPADS, Indo ϩ apyrase ϩ ADA, HC-030031 ϩ Indo, HC-030031 ϩ apyrase ϩ ADA, and iso-PPADS ϩ Indo to check the fiber viability after pretreatments. At least 30 min was allowed to elapse between the two smoke challenges or two injections of receptor agonists to avoid possible tachyphylaxis. Pretreatments with NAC, receptor antagonists, Indo, and apyrase ϩ ADA were made 10 -15 min before the smoke challenge or injection of agonists.
Data analysis and statistics. For the reflex studies, respiratory frequency and expiratory duration (TE) were analyzed on a breath-by-breath basis over an interval of at least 20 breaths before and 60 breaths after challenge by air or smoke. The baseline TE was calculated as the average value over the 10-breath period immediately preceding a challenge. To compare the bradypneic response evoked by different experimental conditions, the longest TE occurring during the first 10 breaths after a challenge was divided by the baseline TE to yield the apneic ratio. For the electrophysiological studies, CSLVA fiber activity was continuously analyzed at 1-s intervals over an interval of at least 20 s before and 60 s after challenge by air, smoke, or receptor agonists. In all studies, heart rate (HR) and mean arterial blood pressure (MABP) were continuously analyzed at 1-s intervals. Baseline fiber activity, HR, and MABP were calculated as the average value over the 10-s period immediately preceding a challenge. The peak response was defined as the maximum or minimum 3-s average during 20 s following a challenge. ⌬FA was defined as the difference between the mean peak response and baseline fiber activity. These physiological parameters were analyzed with a computer equipped with an analog-to-digital converter (Gould DASA 4600) and software (BioCybernatics 1.0; Taipei, Taiwan). Data from two groups were compared with paired t-tests. Data from three or more groups were compared with one-way analysis of variance (ANOVA) or two-way repeated-measures ANOVA followed by Neuman-Keuls test when appropriate. A value of P Ͻ 0.05 was considered significant. All data are presented as means Ϯ SE.
RESULTS

Roles of ROS, TRPA1 receptors, and P2X receptors in CSLVA-mediated bradypneic response to CS.
We investigated the ventilatory responses to 100% CS in one group of spontaneously breathing rats. Inhalation of CS immediately (within 1 or 2 breaths) evoked a bradypneic response, which was manifested by several breaths displaying a prolongation of TE (Fig. 1) . This bradypneic response resulted in an increase in the apneic ratio, an index reflecting the magnitude of the bradypneic response ( Fig. 2A) . This bradypneic response was completely prevented by a bilateral cervical vagotomy ( Fig. 2A) . In contrast, an airway air challenge did not produce any prolongation of TE ( Fig. 2A) . In two other groups of rats with similar baseline TE (0.79 Ϯ 0.06 vs. 0.77 Ϯ 0.05 s; P Ͼ 0.05), we found that the CS-evoked bradypneic response was totally abolished by perivagal capsaicin treatment (Fig. 2B) , but not by its sham treatment (Fig. 2C) . We then assessed the role of ROS, TRPA1 receptors, and P2X receptors in evoking this bradypneic response in five additional groups of rats with no significant difference in baseline TE among the groups 0.05 s; P Ͼ 0.05). The CS-evoked bradypneic response was totally prevented by pretreatment with NAC ( Fig. 2D ), HC-030031 (Fig. 2F) , and iso-PPADS (Fig. 2H ), but not by pretreatment with their vehicles (Fig. 2 , E and G).
Characteristics of CSLVA fibers studied. To study the lung afferent responses to CS, 168 CSLVA fibers were studied in artificially ventilated rats, and all of these afferent fibers were localized within the lung structure. Twenty-one of these CS- LVA fibers had sparse activity, whereas the remaining 147 had no baseline activity (Fig. 3 ). An intravenous injection of capsaicin stimulated each of these CSLVA fibers, and their mean FA increased from a baseline of 0.03 Ϯ 0.01 impulses/s to a peak of 7.53 Ϯ 0.33 impulses/s (n ϭ 168). The mean conduction velocities of 114 of these CSLVA fibers were 1.1 Ϯ 0.1 m/s (range: 0.6 -2.0 m/s, n ϭ 108; 2.1-2.7 m/s, n ϭ 6); the conduction velocity of the remaining 54 fibers was not measured.
Role of ROS in smoke-evoked stimulation of CSLVA fibers. We investigated the concentration-response relationship in one group of CSLVA fibers. Airway delivery of CS immediately (within 1-3 s) evoked a stimulation of CSLVA fibers (Fig. 3A) , whereas challenge of air failed to cause this effect. As a group, the mean baseline activities before challenges of air, 50% CS, and 100% CS were 0.09 Ϯ 0.04, 0.14 Ϯ 0.07, and 0.09 Ϯ 0.06 impulses/s (n ϭ 8; P Ͼ 0.05), respectively. The mean peak activity evoked by 100% CS (10.61 Ϯ 1.61 impulses/s; n ϭ 8) was significantly greater than that evoked by 50% CS (4.45 Ϯ 0.90 impulses/s), which was significantly greater than that evoked by air (0.21 Ϯ 0.10 impulses/s). We then studied the role of ROS in evoking this afferent response in another two groups of 3 . Experimental records illustrating responses of capsaicin-sensitive lung vagal afferent fibers to challenge by CS before and after pretreatment with an antioxidant (NAC; A) and its vehicle (B) in 2 anesthetized, artificially ventilated rats. Airway challenge with 100% CS (6 ml) was achieved with a respirator. Duration of challenge is indicated by the horizontal bars. Pretreatment was made 15 min before the smoke challenge. Elapsed time interval between 2 smoke challenges was 30 min. AP, action potential; Ptr, tracheal pressure; ABP, arterial blood pressure.
CSLVA fibers. The CS-evoked CSLVA fiber response was largely prevented by pretreatment with NAC (Figs. 3A and 4A; Table 3 ) but was unaffected by pretreatment with its vehicle (Figs. 3B and 4B; Table 3 ).
Roles of TRPA1 and P2X receptors in smoke-evoked stimulation of CSLVA fibers. We investigated the roles of TRPA1 and P2X receptors in evoking an afferent response in four groups of CSLVA fibers. The CS-evoked CSLVA fiber response was significantly attenuated by pretreatment with HC-030031 alone ( Fig. 4C; Table 3 ) and iso-PPADS alone ( Fig.  4D ; Table 3 ) and was further reduced by pretreatment with HC-030031 ϩ iso-PPADS (Figs. 4E and 5A; Table 3 ). In contrast, the CS-evoked CSLVA fiber response was not significantly altered by pretreatment with the vehicle for iso-PPADS ( Fig. 4B; Table 3 ) or for HC-030031 ϩ iso-PPADS (Figs. 4F and 5B; Table 3 ).
Roles of cyclooxygenase metabolites and ATP in smokeevoked stimulation of CSLVA fibers. We investigated the role of cyclooxygenase metabolites and ATP in evoking the afferent response in four groups of CSLVA fibers. The CS-evoked CSLVA fiber response was significantly attenuated by pretreatment with Indo alone ( Fig. 6A ; Table 3 ) and apyrase ϩ ADA alone ( Fig. 6B; Table 3 ) and was further reduced by pretreatment with Indo ϩ apyrase ϩ ADA ( Fig. 6C; Table 3 ). In contrast, the CS-evoked CSLVA fiber response was not significantly altered by pretreatment with the vehicle for Indo ϩ apyrase ϩ ADA ( Fig. 6D; Table 3 ).
Functional link between mediators and receptors in smokeevoked stimulation of CSLVA fibers. We investigated the functional link between mediators and receptors in evoking the afferent response in four groups of CSLVA fibers. The CS-evoked CSLVA fiber response was significantly attenuated by pretreatment with HC-030031 ϩ Indo ( Fig. 7A ; Table 3 ), and the suppressive effect was not superior to that induced by HC-030031 alone (Table 3 ). In contrast, pretreatment with HC-030031 ϩ apyrase ϩ ADA ( Fig. 7B ; Table 3 ) and iso-PPADS ϩ Indo ( Fig. 7C; Table 3 ) further attenuated the CS-evoked CSLVA fiber stimulation, compared with the suppressive effect of pretreatment with HC-030031 alone and iso-PPADS alone, respectively (Table 3) . Fig. 4 . Mean responses of capsaicin-sensitive lung vagal afferent fibers to CS before and after various pretreatments in 6 study groups. Rats were pretreated with NAC (an antioxidant), iso-PPADS (a P2X receptor antagonist), the vehicle of NAC and iso-PPADS (vehicle 1), HC-030031 (a TRPA1 receptor antagonist), a combination of HC030031ϩiso-PPADS, and the vehicle of HC030031ϩiso-PPADS (vehicle 3). Rats were pretreated 10 -15 min before the smoke challenge. Onset of challenge with 100% CS (6 ml) is indicated by vertical dashed lines. FA, fiber activity; imp, impulses. *P Ͻ 0.05 vs. corresponding baseline; a P Ͻ 0.05 vs. peak response before pretreatment. Data in each group are means Ϯ SE of 8 fibers from 8 rats.
Pretreatment with the vehicle of these pharmacological agents did not significantly affect the CS-evoked CSLVA fiber response ( Fig. 7D ; Table 3 ).
CSLVA fiber responses to receptor agonists before and after various pretreatments. We investigated the effectiveness of the receptor blockade and fiber viability after pharmacological pretreatments in eight groups of CSLVA fibers. The responses of CSLVA fibers to intravenous injections of polygodial and ␣,␤-meATP were totally blocked after pretreatment with HC-030031 and iso-PPADS, respectively (Table 4) . Additionally, the response of CSLVA fibers to an intravenous injection of capsaicin was not significantly affected after pretreatment with NAC, HC-030031 ϩ iso-PPADS, Indo ϩ apyrase ϩ ADA, HC-030031 ϩ Indo, HC-030031 ϩ apyrase ϩ ADA, and iso-PPADS ϩ Indo (Table 4) .
Cardiovascular responses to CS. Coincident with the bradypneic responses in spontaneously breathing rats or with CSLVA fiber responses in artificially ventilated rats, challenge with 100% CS also induced transient decreases in HR and MABP (Figs. 1 and 5; Table 5 ). These cardiovascular depressor responses were prevented or attenuated by perivagal capsaicin treatment and pretreatment with NAC, HC-030031, iso-PPADS, apyrase ϩ ADA, Indo, and a combination of two of these drugs, but not by perivagal sham treatment or pretreatment with the vehicles of these pharmacological agents ( Figs. 1 and 5 ; Table 5 ).
DISCUSSION
It has been shown previously that the bradypneic response to CS depends on the afferent function of CSLVAs and the action of ROS with unclear ionic mechanisms (28) . The major new findings of this study are that inhaled CS indeed stimulates CSLVA fibers in rats through the action of ROS and that activations of TRPA1 and P2X receptors by cyclooxygenase metabolites and ATP, respectively, are both important in this Tables 1 and 2 for definitions of abbreviations. A combination of A and B drugs or A, B, and C drugs is denoted AϩB or AϩBϩC, respectively. Increase in peak fiber activity (⌬FA) ϭ peak response Ϫ baseline value. *P Ͻ 0.05 vs. value before pretreatment; †P Ͻ 0.05 vs. value of either individual pretreatment. Fig. 5 . Experimental records illustrating responses of capsaicin-sensitive lung vagal afferent fibers to challenge by CS before and after pretreatment with a combination of a TRPA1 receptor antagonist (HC-030031) and a P2X receptor antagonist (iso-PPADS) (A) and their vehicle (B) in 2 anesthetized, artificially ventilated rats. Airway challenge with 100% CS (6 ml) was achieved with a respirator. Duration of the challenge is indicated by horizontal bars. Pretreatment was made 15 min before the smoke challenge. Elapsed time interval between 2 smoke challenges was 30 min. afferent stimulation. These findings are important because CS is a well-known inhaled oxidant (37) and because both TRPA1 and P2X receptors located at CSLVA terminals or sensory neurons play an important role in the sensory transduction of pulmonary ROS (2, 5, 6, 39, 44, 45) .
Our results from the reflex study confirm that the CS-evoked bradypnea is a reflex response mediated by CSLVAs. Our electrophysiological data reveal that inhaled CS stimulated CSLVAs within the same time lag. We further demonstrate that both the CS-evoked bradypnea and CSLVA fiber responses were prevented by NAC (an antioxidant), suggesting that ROS may serve as a triggering factor to initiate the process leading to the CS-evoked stimulation of CSLVA fibers. This is not surprising because CS is an oxidant irritant that contains high concentrations of free radicals and radical precursors (37) . CS can also activate certain lung cells, such as alveolar macrophages, to promote the endogenous release of ROS (38) . Notably, our observation of the blockade of the afferent re- Fig. 6 . Mean responses of capsaicin-sensitive lung vagal afferent fibers to CS before and after various pretreatments in 4 study groups. Pretreatments were indomethacin (Indo, a cyclooxygenase inhibitor), a combination of apyrase and adenosine deaminase (apyraseϩADA, ATP scavengers), a combination of IndoϩapyraseϩADA, and the vehicle of IndoϩapyraseϩADA (vehicle 4). Rats were pretreated 10 -15 min before the smoke challenge. Onset of the challenge with 100% CS (6 ml) is indicated by vertical dashed lines. *P Ͻ 0.05 vs. corresponding baseline; a P Ͻ 0.05 vs. peak response before pretreatment. Data in each group are means Ϯ SE of 8 fibers from 8 rats. Fig. 7 . Mean responses of capsaicin-sensitive lung vagal afferent fibers to CS before and after various pretreatments in 4 study groups. Pretreatments were a combination of HC-030031ϩIndo, a combination of HC-030031ϩapyraseϩADA, a combination of iso-PPADSϩIndo, and the vehicle of HC-030031ϩiso-PPADSϩapyraseϩADAϩIndo (vehicle 5). Rats were pretreated 10 -15 min before the smoke challenge. Onset of the challenge with 100% CS (6 ml) is indicated by vertical dashed lines. *P Ͻ 0.05 vs. corresponding baseline;
a P Ͻ 0.05 vs. peak response before pretreatment. Data in each group are means Ϯ SE of 8 fibers from 8 rats.
sponse by the antioxidant provides the first direct evidence to indicate that ROS play important roles in evoking airway sensory irritation by CS in rats. The fact that CSLVA fibers can detect the existence of excess ROS in the lungs under other conditions is well established (42, 44) . Indeed, pretreatment with ROS scavengers attenuates CSLVA-mediated airway reflexes and CSLVA fiber stimulation evoked by inhaled wood smoke (20, 21) , pulmonary air embolism (8, 9) , endotoxin (22) , and H 2 O 2 (39, 40) . Thus it appears that ROS may function as signaling molecules for nociceptive detection of various lung pathophysiological conditions by CSLVA fibers.
We further showed that CS-evoked bradypnea was totally prevented by HC-030031 (a TRPA1 receptor antagonist) and iso-PPADS (a P2X receptor antagonist). Additionally, the CS-evoked CSLVA fiber response was largely attenuated by HC-030031 and iso-PPADS and was nearly prevented by a combination of these two antagonists. These results indicate that activations of both TRPA1 and P2X receptors are required for the ROS-mediated stimulation of CSLVA fibers by CS and the full expression of the reflex bradypnea. It is likely that blockade of either type of receptor reduced the CS-evoked increase in CSLVA fiber activity to a level that was still higher than the baseline activity but was unable to trigger the reflex bradypnea. These two types of pharmacological receptors are presumably located at CSLVA terminals, where they are susceptible to the action of various ligands and chemical mediators (5, 34, 35, 40, 44) . To this end, a recent study (2) reported that inhaled CS produced an increase in TRPA1-mediated plasma extravasation in guinea pig airways. Additionally, exposure to CS extract increased the TRPA1-mediated Ca 2ϩ influx in capsaicin-sensitive jugular ganglia neurons from guinea pigs. However, the latter response was found to be independent of the action of ROS (2) . The discrepancy regarding the contribution of ROS between this study and that study (2) may have been due to differences in the types of smoke challenge, animal species, and experimental models. Consistent with our findings, direct challenges with oxidants such as H 2 O 2 and NaOCl increase TRPA1-mediated Ca 2ϩ influx in Data in each group are means Ϯ SE of 6 fibers from 6 rats. See Table 1 for full names of drugs. A combination of A and B drugs or A, B, and C drugs is denoted AϩB or AϩBϩC, respectively. ⌬FA ϭ peak response Ϫ baseline value. *P Ͻ 0.05 vs. value before pretreatment. Airway reflex study (n ϭ 6) Tables 1 and 2 for definitions of abbreviations. A combination of A and B drugs or A, B, and C drugs is denoted AϩB or AϩBϩC, respectively. MABP, mean arterial blood pressure; HR, heart rate; Ϫ⌬MABP and Ϫ⌬HR ϭ peak response Ϫ baseline value. *P Ͻ 0.05 vs. value before intervention. mouse capsaicin-sensitive sensory neurons (6, 41) and cause TRPA1-mediated respiratory depression in mice (6) . Additionally, exposure of acrolein, an oxidant constituent of CS, activates human TRPA1 receptors in vagal sensory nerves in murine, guinea pig, and human tissues (7) . These findings suggest a functional link between the action of ROS and activation of TRPA1 receptors located at CSLVA terminals. For this reason, TRPA1 receptors were proposed to be major oxidant sensors in airways (5, 34, 35) . On the other hand, the possibility that CS can activate P2X receptors leading to stimulation of CSLVAs in the airways has not been reported. However, activation of P2X receptors by ATP is in part responsible for the stimulation of CSLVA fibers in rats by direct airway challenge with H 2 O 2 (39, 40) . Furthermore, laryngeal insult with H 2 O 2 promotes the release of ATP to activate P2X receptors, resulting in sensitization of capsaicinsensitive laryngeal afferent fibers (47) . Moreover, a recent study (46) reported that electrophilic carbon-containing prostaglandins can directly activate TRPA1 receptors, resulting in excitation of mouse nociceptive neurons. Prostaglandins are cyclooxygenase products derived from arachidonic acid under oxidative stress (3). We thus attempted to determine whether cyclooxygenase metabolites and ATP may act on TRPA1 and P2X receptors, respectively, leading to CS-evoked CSLVA fiber stimulation in rats.
In the last part of this study, we additionally demonstrated that CS-evoked CSLVA fiber responses were partially attenuated by Indo (a cyclooxygenase inhibitor) and apyrase ϩ ADA (ATP scavengers) and was further reduced by a combination of these two pretreatments, suggesting that both cyclooxygenase products and ATP may independently participate in the ROSmediated stimulation of CSLVA fibers by CS. Additional experiments revealed that the suppressive effect on this afferent response was not improved by a combination of the TRPA1 receptor antagonist and the cyclooxygenase inhibitor, compared with that induced by the TRPA1 receptor antagonist alone. In this case, blockade of both the mediator action and the receptor function seem to be interrelated in a serial manner. In contrast, a combination of the TRPA1 receptor antagonist and ATP scavengers or a combination of the P2X receptor antagonist and the cyclooxygenase inhibitor provided a more complete blockade of the CS-evoked afferent response. In this case, the blockade of both the mediator action and the receptor function seemed to be achieved in a parallel manner. These observations imply that activation of TRPA1 receptors may be linked to the function of cyclooxygenase products, while activation of P2X receptors may be linked to the function of ATP. The source of the cyclooxygenase products and ATP was not determined in this study. However, it is known that the lungs are a rich source of arachidonate products and the enzymes necessary for their metabolism (3). Furthermore, ROS may have nondamaging stimulatory effects on epithelial or endothelial cells to promote the release of ATP to act on other cells (23) .
In this study, the effectiveness of the blockade of TRPA1 and P2X receptors by their antagonists was indicated by the absence of CSLVA fiber responses to specific agonists. Also, the suppressive effects of various pharmacological pretreatments on CS-evoked CSLVA fiber responses were unlikely to have been due to any anesthetic or deleterious influence on these afferent fibers, because their afferent responses to capsaicin were unaffected by these pretreatments. In the control condition, inhaled CS caused transient but prominent bradycardia and hypotension that coincided with the bradypneic response in spontaneously breathing rats or a CSLVA fiber response in artificially ventilated rats. These cardiovascular depressor responses are believed to be reflex consequences resulting from stimulation of CSLVA fibers (29) . This notion was supported by the observations that, in concert with the bradypneic and afferent responses, these cardiovascular depressor responses were also prevented or attenuated after pretreatment with an antioxidant, receptor antagonists, cyclooxygenase inhibitor, and ATP scavengers.
In conclusion, our results suggest that activations of TRPA1 and P2X receptors by cyclooxygenase metabolites and ATP, respectively, are both important in the ROS-mediated stimulation of CSLVA fibers by CS in rats. We postulated that inhaled CS increases the pulmonary level of ROS, which in turn produces a cascade involving release of cyclooxygenase metabolites and ATP and subsequent activation of TRPA1 and P2X receptors located at CSLVA terminals. The final consequences of these events are stimulation of CSLVA fibers and elicitation of airway reflexes. It should be noted that anesthetized rats do not cough in response to inhaled stimuli. However, CSLVA fibers are an important afferent pathway for elicitation of cough (25, 29) . CSLVA fibers have also been implicated in other airway diseases, such as airway hyperreactivity and bronchoconstriction (29) , both of which may be related to cigarette smoking. The potential therapeutic effects of TRPA1 and P2X receptor antagonists in treating these CS-related airway diseases are mostly unknown and thus require further investigation.
